The INK4A/ARF/INK4B locus, conserved in mammals, encodes three polypeptides that regulate cell proliferation via the pRb and p53 tumour suppressor pathways. The locus is mutated in many cancers. The related, tandemlylinked INK4A and INK4B genes encode the p16 INK4A and p15 INK4B members of the INK4 family of cyclin-dependent kinase inhibitors which block phosphorylation of pRb, whereas the third product, ARF, derived from an alternative reading frame of INK4A, regulates p53 activity. We assessed the status of this unusual locus in the puer ®sh, Fugu rubripes, and identi®ed two INK4 genes using degenerate PCR and hybridization analyses. Sequence conservation and conservation of synteny between human and Fugu predict one gene to be an INK4A or INK4B homologue and the other an INK4D homologue. Analysis of the Fugu INK4A/B gene and the surrounding 40-kb of genomic DNA did not reveal the presence of any ARF-encoding potential or another related INK4 gene. We conclude that the gene duplication event that generated adjacent INK4A and INK4B genes and the association of ARF with the ancestral INK4A gene occurred after the divergence of the lineage leading to mammals from ®sh. Thus, unlike mammals, the ®sh p53 and pRb tumour suppressor pathways are not regulated by a single locus. Oncogene (2001) 20, 7447 ± 7452.
Introduction
The INK4A/ARF/INK4B (CDKN2A/ARF/CDKN2B) locus at human chromosome band 9p21 encodes three products that regulate cell proliferation via either the pRb or p53 tumour suppressor gene pathways. The closely related INK4A and INK4B genes are two of four known members of the INK4 family of cyclindependent kinase (CDK) inhibitor genes and their degree of relatedness suggests that they arose as the result of a tandem duplication (Ruas and Peters 1998; Kamb et al., 1994) . They respectively encode the p16 INK4A and p15 INK4B inhibitors of CDK4 and CDK6, thereby blocking phosphorylation of pRb (Serrano, 2000) . The third product derived from the locus, ARF (for Alternative Reading Frame), regulates p53 activity in response to unscheduled growth response signals generated by oncogenes (de Stanchina et al., 1998; Zindy et al., 1998) , and is derived from an independent ®rst exon (1b) and an alternative reading frame of INK4A exon 2 (Quelle et al., 1995a) . Transcription of exon 1b is driven from its own promoter with exon 1b splicing to exon 2 of the INK4A gene ( Figure 1a ). Whilst the p16 INK4A and ARF transcripts share two common exons, they are translated in dierent reading frames such that ARF shares no amino acid homology with p16
INK4A
. Furthermore, the amino acids encoded by exon 1b appear to contain all the biological activity of ARF (Sherr and Weber, 2000; Weber et al., 1999) . Consistent with the three encoded products having tumour suppressor properties, the locus is modi®ed in many cancers. For example, the INK4A/ARF gene is frequently mutated in human cancers and mutation or loss of expression of the INK4B gene as a result of promoter hypermethylation occurs in a number of leukaemias and lymphomas (Ruas and Peters, 1998; Serrano, 2000; Sharpless and DePinho, 1999; Sherr, 1998) .
The organization of the INK4A/ARF/INK4B locus is without precedent in the mammalian genome and is conserved between human, mouse, rat and opossum (Quelle et al., 1995a; Swaord et al., 1997; Sherburn et al., 1998) . To further investigate the conservation of this unusual locus, and in an attempt to better understand its origins, we have isolated INK4 gene homologues from the puer ®sh Fugu rubripes to assess whether any are closely linked and/or have the potential to encode ARF. Here we show that the Fugu genomic locus corresponding to the mammalian INK4A/ARF/INK4B locus consists only of a single INK4 gene with no ARF-encoding potential. This predicts that the p53 and pRb tumour suppressor pathways in ®sh are not regulated by a single locus as in mammals. We propose a model in which a single genetic duplication event could have generated the tandemly-linked INK4A and INK4B genes whilst simultaneously placing the ARF speci®c exon (1b) upstream of the INK4A gene. INK4A and is orthologous to p13 encoded by CDKN2X in Xiphophorus ®sh (Kazianis et al., 1999) (Figure 2 Fugu and human gene homologues are often located in regions of conserved chromosomal synteny, although the gene order within these regions is not necessarily conserved (Gilley and Fried, 1999) . Thus, the homology relationships between the Fugu and mammalian INK4 genes were further clari®ed by the ®nding that the Fugu INK4A/B gene (encoding Fr p15/ p16) is located just upstream of a homologue of the human methylthioadenosine phosphorylase gene (MTAP) (Figure 1b ) which is closely linked to the adjacent INK4A and INK4B genes at human chromosome band 9p21 (Ruas and Peters, 1998; Dreyling et al., 1998) (Figure 1a) . Similarly, a homologue of the human clathrin adaptor protein AP47 gene (AP47) is located *1.2-kb upstream of the Fugu INK4 gene encoding the putative p19 INK4D homologue ( Figure 1c ). Both AP47 and INK4D map to human chromosome band 19p13 (Okuda et al., 1995; Deloukas et al., 1998) . These data further suggest that the Fugu genes identi®ed are the orthologues of the mammalian INK4A or INK4B, and INK4D genes respectively. Although the human INK4A and INK4B genes are separated by only *30 kb (Ruas and Peters, 1998; Jiang et al., 1995) (Figure 1a) , we could ®nd no evidence (using a combination of hybridization at low stringency and degenerate PCR) for the presence of an . Alignments were generated with the PileUp program of the Genetics Computer Group (GCG) software suite and displayed using BOXSHADE. Amino acid identity is represented by a dark background, and similarity by a lightly shaded background (Figure 1b) . Both directions were searched in case localized rearrangement had altered gene order between Fugu and human. Accounting for the generally reduced size of intergenic distances in Fugu (Elgar, 1996) , it appears that only a single INK4 gene (INK4A/B) is present at the Fugu equivalent of the human INK4A/ARF/INK4B locus (Figure 1) . Although not identi®ed during our screen for Fugu INK4 homologues, the existence of an INK4C orthologue or additional INK4 homologues cannot be ruled out at this time.
Results and discussion
Three types of analysis suggest that the Fugu INK4A/ B gene does not encode an ARF-like polypeptide. First, characterization of 13 dierent 5' RACE products revealed that all contained the INK4A/B ®rst exon. Second, no homology of the ARF-speci®c exon 1b was found in 4.5-kb of contiguous sequence obtained upstream of the gene. Finally, notional translation of exon 2 in alternative reading frames reveals stop codons that would prematurely terminate any putative ARF product after a maximum of only 22 amino acids. The possibility that ARF is encoded at another, as yet unidenti®ed INK4 locus cannot be ruled out. However, additional Fugu INK4-like sequences have been extensively sought using low stringency hybridization and PCR and so far 12 other regions of the Fugu genome have been found to contain signi®cant, but spurious, homology to INK4-derived probes.
Our results indicate that the Fugu region equivalent to the mammalian INK4A/ARF/INK4B locus speci®es only a single gene (Fugu INK4A/B) without any associated ARF-encoding potential. This suggests that the gene duplication event that generated adjacent INK4A and INK4B genes occurred after the divergence of the lineage leading to mammals from ®sh *450 million years ago. Genes encoding p53 and pRb have now been identi®ed in ®sh (Brunelli and Thorgaard, 1999; Bhaskaran et al., 1999) , and our inability to ®nd an ARF-like ®rst exon associated with the Fugu INK4A/B gene indicates that the Fugu pRb and p53 pathways are not regulated by a single locus (as in mammals). Either ARF is not coded for in Fugu (perhaps unlikely given its importance in mammals), or it is encoded by a gene that is independent of an INK4 gene.
We propose a model in which the gene duplication to generate the INK4A and INK4B genes and association of ARF exon 1b with the INK4A gene were the result of a single event (Figure 4 ). In this model a multi-exon pre-ARF gene with its own transcriptional promoter, initially located at a separate chromosomal location (Figure 4a ), ®rst becomes associated with the 3' end of the ancestral INK4A/B gene (Figure 4b ). The gene duplication event that generated distinct INK4A and INK4B genes occurs upstream of the ancestral INK4A/B genes and also includes the exon 1b of the pre-ARF gene (Figure 4c) . As a consequence the ®rst ARF exon (1b), which contains all the known ARF biological activity, could then be spliced to the closest splice acceptor site which happened to be that of exon 2 of the newly formed INK4A gene (Figure 4d ) to generate the ARF mRNA and protein encoded by the alternative reading frame of the INK4A gene as found in mammals (see Figure  1a) . To date it has not been possible to con®rm the existence of a Fugu pre-ARF gene to support this model due to the overall poor evolutionary conservation of ARF sequences even between mammals (hindering identi®cation of homologous sequences by hybridization and/or degenerate PCR techniques). Whilst this would be our favoured model, alternative models could be envisaged in which the ARF exon 1b was independently incorporated into the genomic region between the INK4A and INK4B genes after, or even simultaneously with the duplication event. The elucidation of the organization of this genomic region in species from other branches of the vertebrate radiation should help to clarify the evolutionary events that generated this intriguing locus that is so important in mammalian cell cycle regulation and tumour surveillance.
Materials and methods

General DNA methods
DNAs were sequenced from plasmid preparations (Qiagen) using ABI PRISM Dye Terminator Cycle Sequencing (Perkin Elmer) for use with the automated ABI PRISM 377 DNA sequencer (Applied Biosystems). Sequencing was primed from vector primers or insert-speci®c primers. Southern blotting was performed using standard protocols for Hybond-N membrane (Amersham Pharmacia Biotech). Hybridizations of DNA probes to Southern blots and Fugu cosmid library ®lters ± obtained from the Human Genome Mapping Project Resource Centre (HGMP-RC), Hinxton, Cambs., UK ± were performed following the protocol provided with Hybond-N. Normally hybridizations were carried out at 658C with blots/ library ®lters being washed to a ®nal stringency of 0.16SSC, 0.1% SDS, however low stringency hybridizations were performed at 558C with washing to a ®nal stringency of 16SSC, 0.1% SDS. Probes were gel-puri®ed (Qiagen) and labelled by random hexanucleotide priming. Sequence contigs encompassing the genes identi®ed in this study were generated by a standard strategy of Southern blot analysis of cosmid DNA restriction digests and subcloning and directed sequencing of informative cosmid restriction fragments. The Fugu cosmid contig encompassing the INK4A/B gene was generated following the same strategy as described previously (Armes et al., 1997) , but using cosmids 57N20 and 6H20 as probes.
PCR-amplification of a Fugu INK4-like fragment
Degenerate PCR oligonucleotide primers were designed based on an alignment between the DNA sequences of the previously identi®ed INK4 gene family members. A 139-bp product was obtained by ampli®cation of Fugu genomic DNA with primers 5'-AGGTIATGATGITIGGCARC-3' and 5'-AGIACCATYAGIGTGTCCAGGAA-3' predicted to amplify the ®rst 139-bp of exon 2 of INK4-like genes. Fifty ml reactions consisted of 0.2 mg of genomic DNA, 50 mM KCl, 10 mM Tris-HCl pH 8.3, 1.5 mM MgCl 2 , 10% DMSO, The splice donor of the isolated ARF ®rst exon 1b which contains all the ARF biological activity, is now spliced (dotted line) to the closest splice acceptor site in the second exon of the INK4A gene to produce the ARF mRNA and protein as found in mammals (see Figure 1a) 200 mM dNTPs, 1 mM of each primer and 5 U of Taq polymerase. Thirty-®ve cycles of 1 min at 948C, 20 s at 538C, and 1 min at 728C were performed following an initial 5 min incubation at 948C. The ampli®ed 139-bp fragment was cloned into pGEM T-Easy (Promega) and sequenced.
5' RACE (rapid amplification of cDNA ends) 5' RACE was performed for the Fugu INK4A/B-like gene using the Marathon cDNA Ampli®cation kit (Clontech) following the supplied protocol. Gill and gut were the sources of Fugu RNA from which RACE products were obtained. RNAs were kindly supplied by G Elgar (HGMP-RC). The gene speci®c primer used was 5'-CCGTCAGCCACGTTCG-GGTCCGC-3' derived from exon 2 of the gene. All products obtained were cloned into pGEM T-Easy (Promega) and sequenced. Multiple products within the range 150-bp to 300-bp were found to be speci®c RACE products.
